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A Ubiquitous and Conserved Signal
for RNA Localization in Chordates
motifs that contain CAC or CAC itself (Table 1). For
example, the most significant motif found in all analyzed
transcripts was GCAC identified in Xpat. Fifteen copies
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of this motif are present in a 526 nt window (P  1.13 1Department of Biology
1010, Table 1). Interestingly, the three best scoring motif2 Bioinformatics Program
clusters in Xpat show approximately 90% overlap with3 Molecular Biology and Biochemistry Programs
each other, and their sequences all contain CAC (GCAC,Boston University
CAC, and UGCAC). Outside this region of the Xpat 3Boston, Massachusetts 02215
UTR, these same motifs are found at frequencies ex-
pected by chance alone. For example, only two copies
of UGCAC are found in the remaining 2.5 kb of the Xpat
3 UTR. To determine if the CAC-rich region of the XpatSummary
3 UTR encodes the Xpat LE, we assayed localization
of digoxygenin-labeled segments of the Xpat 3 UTRDuring oogenesis in Xenopus laevis, several RNAs that
after microinjecting them into stage I oocytes. When thelocalize to the vegetal cortex via one of three tempo-
entire Xpat 3 UTR or its putative LE containing therally defined pathways have been identified [1–4]. Al-
CAC motifs (Xpat LE) is injected into stage I oocytes,though individual mRNAs utilize only one pathway,
localization to the mitochondrial cloud is clearly ob-there is functional overlap [5] and apparent continuity
served (Figures 1Aa and 1Ab). However, deletion of the[6] between them, suggesting that common cis-acting
CAC-rich region from the Xpat 3 UTR abolishes thissequences may exist. Because previous work with the
localization (Figure 1Ac). This shows that the 5-mostVg1 mRNA revealed that short nontandem repeats are
region (approximately 550 nt) of the Xpat 3 UTR is nec-important for localization [7, 8], we developed a new
essary and sufficient for localization. Another earlycomputer program, called REPFIND, to expedite the
mRNA, Xcat-2, contains the same three CAC-containingidentification of repeated motifs in other localized
motifs found in the Xpat LE (Table 1). These motifs areRNAs. Here we show that clusters of short CAC-con-
located in the previously mapped Xcat-2 LE [12], whichtaining motifs characterize the localization elements
has more recently been named the mitochondrial cloud(LEs) of virtually all mRNAs localized to the vegetal
localization element (MCLE) [13]. Deletion of the UGCACcortex of Xenopus oocytes. A search for this signal
motifs from the MCLE abolishes localization, confirmingin GenBank [9] resulted in the identification of new
that this motif is a bona fide signal for RNA localization
localized mRNAs, demonstrating the applicability of
(compare Figure 1Ad to 1Ae). Highly significant clustersREPFIND to predict localized RNAs. CAC-rich LEs are
of CAC or CAC-containing motifs were also found in the
also found in ascidians and other vertebrates, indicat- Xdazl and Xotx1 3 UTRs (Table 1), and these segments
ing that these cis regulatory elements are conserved in also function as localization elements (Figures 1Af andchordates. Interestingly, biochemical evidence shows 1Ag). For this analysis, we consider the P scores foundthat distinct CAC-containing motifs have different in the Xpat, Xcat-2, Xdazl, and Xotx1 CAC-rich clusters
functions in the localization process. Thus, clusters of as highly significant (P 2.1 106) because they would
CAC-containing motifs are a ubiquitous signal for RNA be expected to occur less than one time in approxi-
localization and can signal localization in a variety of mately 500 kb by chance (Supplementary Experimental
pathways through slight variations in sequence com- Procedures).
position. The six remaining RNAs that we analyzed lack a single
cluster of CAC-containing motifs with highly significant
P scores. However, the 3 UTRs of these RNAs have a
Results and Discussion region containing several overlapping clusters of CAC-
containing motifs that function as signals for RNA local-
The repeated motif UUCAC has been shown to be a ization. For example, the 3 UTRs of DEADSouth and
binding site for the localization factor, Vera, and is es- wnt-11 each contain a region with multiple, but less
sential for the localization of the Vg1 and VegT mRNAs significant, CAC clusters (P ranges from 104 to 102)
during the late pathway [8, 10, 11]. However, a role for (Table 1) that localize when injected into stage I oocytes
such motifs in other RNA localization pathways has not (Figures 1Ah and 1Ai). Individual CAC clusters with P
been established. To determine if repeated motifs are scores in this range would be expected about every 8
a general feature of LEs, we used REPFIND (http://zlab. kb by chance (Supplementary Experimental Proce-
bu.edu/repfind) to analyze the 3 UTRs of nine other dures), but the statistical significance of these multiple
overlapping clusters is not calculated by REPFIND. LikemRNAs localized in Xenopus. The most significant mo-
DEADSouth and wnt-11, the 3UTRs of two well-charac-tifs found in this set of transcripts were either short
terized RNAs, Vg1 and VegT, that utilize the late localiza-
tion pathway contain regions with many clusters of CAC-
containing motifs that overlap in a region corresponding4 Correspondence: jdeshler@bu.edu
5 These authors contributed equally to this work. to their previously mapped LEs ([11, 14]; Table 1). Fur-
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Table 1. Most Significant Clusters of CAC-Containing Repeats in the 3UTRs of Localized mRNAs
LEGene Experimental LE
Species (Accession #) Repeat P-score # Cluster Window (Size) (Size) 3UTR
Xenopus laevis Xpat GCACa 1.13  1010 15 1064-1589 (526) 956-1618b 0.2
(AJ002384) CAC 8.25  1010 26 1065-1533 (469) (663)
UGCAC 2.08  109 10 1063-1533 (471)
Xcat-2 CACa 4.55  108 15 427-616 (200) 403-630 [12] 0.58
(X72340) UGCACb 9.95  107 6 425-603 (179) (228)
GCAC 5.10  106 7 426-603 (178)
Xdazl CACa 3.30  107 24 1337-1878 (542) 1335-1780b 0.33
(AF017778) CACA 2.17  106 12 1356-1771 (415) (446)
XOtx1 CAC 2.10  106 13 1826-2012 (187) 1799-2044b 0.26
(AY029294) AGUCGCACG 7.46  106 2 1821-1876 (56) (246)
CACU 3.24  105 8 1849-2064 (216)
DEADSouth GCACUU 6.21  104 4 1548-2078 (531) 1795-2126b 0.21
(AF190623) GCACU 7.87  104 7 1548-2723 (1176) (332)
CACUU 9.32  104 5 1811-2103 (292)
CCACUUCA 1.05  103 2 2044-2098 (55)
CACU 1.58  103 7 1811-2102 (292)
CAC 2.04  103 13 1737-2101 (365)
wnt-11 CACU 1.40  103 3 1437-1458 (22) 1423-1464b 0.05
(L23542) ACACU 3.72  103 2 1436-1447 (12) (42)
CACUG 1.55  102 2 1437-1459 (23)
CAC 1.9  102 3 1435-1457 (23)
Vg1 AUUCAC 2.33  104 4 1383-1744 (362) 1440-1780 [14] 0.27
(M18055) UCACU 4.78  104 4 1613-1745 (133) (340)
UUCACU 4.93  104 4 1384-1745 (361)
AUUCACU 7.8  104 3 1383-1745 (363)
CACU 8.06  104 7 1614-1871 (257)
UGCACAGAG 8.91  104 2 1511-1745 (234)
UUCAC [8, 10] 1.02  103 5 1384-1744 (361)
FatVg UUCACA 2.52  103 3 1310-1489 (189) 1445-1545 [4]c 0.28
(AF184090) CAC 2.81  102 6 1440-1524 (85) (101)
CCACC 9.38  103 2 1459-1476 (18)
AUUCACA 1.43  102 2 1309-1443 (135)
CACA 2.38  102 5 1270-1520 (251)
VegT UUCAC [11] 1.04  102 4 1902-2267 (366) 1850-2290 [11] 0.3
(U59483) GCAC 1.59  102 3 1970-2050 (81) (441)
UCAC 2.36  102 4 2019-2267 (249)
CACUAA 2.79  102 2 2003-2097 (95)
GCACU 3.7  102 2 2002-2051 (50)
CACU 4.8  102 4 1904-2095 (192)
UUCACA 5.22  102 2 2137-2263 (127)
CAGCAC 6.56  102 2 1630-2005 (376)
UUCACU 7.68  102 2 1902-2095 (194)
UGCAC 7.69  102 2 1969-2050 (82)
H. roretzi Macho-1 ACACa 1.94  105 4 1799-1852 (54) 1789-1906b 0.24
(AB045124) CACb 1.89  104 6 1798-1897 (100) (118)
Gallus gallus Chkbactn ACACCC [22] 3.69  104 2 1212-1223 1197-1250 [22] 0.1
(L08165) (54)
Danio rerio Vasa GAGCAC 6.48  103 2 2454-2492 (39) 2379-2556 [19] 0.28
(AB005147) GCACAA 8.84  103 2 2446-2494 (39) (178)
AGCACA 1.09  102 2 2445-2493 (39)
CAC 2.10  102 5 2439-2534 (96)
CACA 3.38  102 3 2457-2525 (69)
We used Repfind to analyze the indicated 3UTR. The most significant CAC-containing word clusters are shown within a factor of approximately
10 of the lowest P score. The number (#) of repeats in each cluster is shown, and an underlined repeat means experiments have indicated
the repeat itself is a signal for RNA localization. References are shown in bold text in brackets.
a The repeat is the most significant repeat in the entire 3 UTR.
b The experimental verification was performed in this study.
c FatVg actually contains multiple non-overlapping LEs (4), but only the one corresponding to the most significant CAC cluster is indicated.
thermore, the 3 UTR of FatVg, which localizes during (Table 1). In addition, mutating CAC motifs in two late-
pathway RNAs, Vg1 [8, 10] and VegT [11], and one earlythe intermediate pathway, also contains clusters of CAC
motifs that correspond to an experimentally determined pathway RNA, Xcat-2 (Figure 1Ae), abolishes localiza-
tion. These findings indicate that CAC-containing motifsLE ([4]; Table 1). Thus, of ten vegetally localized mRNAs
examined in Xenopus, nine have 3 UTRs that contain are a general feature of LEs that function in the early
and late localization pathways. Occasionally, clustersclusters of CAC-containing motifs that function as LEs
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Figure 1. Microinjection Analysis of the CAC-Rich Regions of 3 UTRs from Six Localized mRNAs
(A) Various fragments from the 3 UTRs of six different localized RNAs were injected into stage I oocytes and assayed for localization to the
mitochondrial cloud. White arrows indicate where RNA (blue) has localized to the mitochondrial cloud in all panels except for XG (Xenopus
-globin), which was used as a negative control for localization and shows no labeling of the mitochondrial cloud. The numbers in the lower
right corner of each panel indicate the number of oocytes that showed localization over the number of oocytes tested from a minimum of
three independent experiments.
(B) A schematic representation of all six 3 UTRs is shown, with the name of each construct that was assayed for localization shown at the
right and preceded by a letter indicating its corresponding panel in (A). Regions containing the CAC-rich clusters are indicated by open lines
with coordinates from the experimental LE column in Table 1. A scale bar in nucleotides is included at the bottom of the figure. Note that all
CAC-rich clusters show localization and that removal of the CAC-rich region from the Xpat 3 UTR (c) or deletion of the UGCAC motifs from
Xcat-2 LE (e) abolishes localization.
(C) A schematic diagram of the Macho-1 mRNA is shown at the left, with the sequence of the CAC-rich region of its 3 UTR from Table 1
shown in the box. All CAC and ACAC motifs are shown in red text. The CA of each motif was mutated to GU, indicated below the sequence
of each CAC or ACAC motif. It can be seen that the wild-type (wt), but not the mutant (mut) version of the Macho-1 CAC-rich region localizes
in Xenopus stage I oocytes.
of motifs that do not contain CAC also overlapped with pathway [15], also have more CACs than would be ex-
pected by chance (our unpublished data), but the biolog-these LEs (our unpublished data), indicating that further
work will be required to determine if motifs lacking CAC ical significance of these CACs is not known. XBic-C is
the only vegetally localized mRNA [16] that does notalso function in RNA localization, as has been previously
suggested [7, 8]. Most repeated motifs lacking CAC, contain any significant cluster of CAC-containing re-
peats and may use an alternative class of cis elementhowever, did not tend to overlap with each other or with
LEs, suggesting that the enriched presence of CAC- to specify its localization.
The identification of CAC-rich LEs in multiple RNAscontaining motifs is a unique property of these LEs.
Interestingly, the 79–81 nt repeats found in Xlsirts, which utilizing different localization pathways suggests this cis
regulatory element arose early in evolution. To exploreare untranslated RNAs that localize during the early
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Figure 2. In Situ Hybridization of Newly Dis-
covered Localized mRNAs
In situ hybridization to Xcat-2 mRNA and Xpat
mRNAs demonstrates examples of RNAs that
localize via the early pathway. Note that most
of the RNA is associated with the mitochon-
drial cloud in stage I oocytes, with little back-
ground in the rest of the cytoplasm. By stage
II, these RNAs have migrated with the cloud to
the vegetal cortex, and there is no detectable
RNA in the remaining cytoplasm. Xlerk, which
was identified by computational screening of
Xenopus 3 UTRs for highly significant clus-
ters of CAC-containing motifs, follows the in-
termediate pathway in which localization to
the cloud of stage I oocytes is clearly visible
but there is also a high level of signal in the
remaining cytoplasm. During stage II, labeling
is observed both in the cloud at the cortex
and in the remaining cytoplasm. However, by
stage III, no cytoplasmic labeling is detected,
and all Xlerk RNA is localized to the vegetal
pole. By stage IV, this labeling pattern is
broader than that of either Xcat-2 or Xpat.
C3H-3, also determined computationally to
contain CAC-rich clusters in its 3 UTR, uti-
lizes the late, or Vg1, pathway. In this case,
localization does not begin until stage II, and
background labeling is observed through
stage III. By stage IV of oogenesis, however,
this late-pathway RNA shows no labeling in
the animal hemisphere. Vg1 is shown as a
known example of late-pathway localization,
and histone mRNA (Hist), which is expressed
throughout the cytoplasm of stage I–IV oo-
cytes, is shown as a negative control for local-
ization. The scale bar represents 100 m in
all panels.
this possibility, we analyzed the 3 UTRs of several ization signals, searching for genes containing signifi-
cant clusters of CAC-containing motifs should revealmRNAs localized to the vegetal cortex in the eggs of
ascidians, which are considered the best living repre- new localized RNAs. To identify such transcripts, we
searched a database of approximately 2000 Xenopussentatives of the ancestral chordate [17]. Most of these
ascidian 3 UTRs have overlapping clusters of CAC- 3 UTRs for clusters of short (7 nt) motifs containing
CAC, and we sorted the 3UTRs according to the P scorecontaining repeats, with P-scores ranging from 106 to
104 (our unpublished data). For example, the most sig- of their most significant cluster. This search identified
16 genes containing highly significant clusters of CAC-nificant motif in the Macho-1 gene of H. roretzi [18] is
ACAC (P  1.94  105), which is in the same region as containing motifs (P  2.1  106) and included the
top-four-scoring localized RNAs shown in Table 1. Twoan overlapping cluster of CACs (P 1.89 104) (Table
1). To test if this Macho-1 fragment encodes a signal additional identified genes, XLerk [20] and C3H-3 [21],
are maternally expressed, but their subcellular distribu-for RNA localization, it was injected into Xenopus oo-
cytes. Like CAC-rich regions of the Xenopus RNAs, this tion was unknown. In situ hybridization shows that XLerk
and C3H-3 mRNAs are localized in oocytes and utilizeelement localizes in Xenopus oocytes, and localization
is abolished when the CACs are mutated (Figure 1C). the intermediate and late pathways, respectively (Figure
2). The results of this search demonstrate the strikingThe findings from this cross-species experiment are
consistent with recent work showing that the Zebrafish applicability of REPFIND to predict localized mRNAs.
Because several functional LEs contain CAC-rich clus-LE of the Vasa mRNA, which is also defined by overlap-
ping clusters of CAC-containing motifs (Table 1), func- ters with P-scores higher (Table 1) than that used for
the cutoff in this search, it is likely that more RNAs aretions in Xenopus oocytes [19]. Thus, CAC-rich RNA lo-
calization elements have been found in three species localized in Xenopus. However, additional experimenta-
tion is needed to ascertain what higher value of P canof vertebrates and ascidians (Table 1), indicating that
they are evolutionarily conserved in chordates. be used reliably to predict them. Many of the 16 Xenopus
genes identified in our search (our unpublished data)If CAC motifs are a unique characteristic of RNA local-
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Xcat-2 LE is not affected by deletion of the UGCAC
motifs (Figures 3A and 3B), indicating that UGCAC is
not a Vera binding site. This is consistent with previous
results showing that tandem UGCAC motifs do not bind
Vera [10] and demonstrates that UUCAC and UGCAC
have distinct functions in RNA localization. It is possible
that Vera binds to other CAC-containing motifs that are
present in the Xcat-2 and Xpat LEs and are more consis-
tent with its previously determined consensus binding
site (A/C)YCAY [10]. Although UGCAC and UUCAC are
necessary for localization, neither is sufficient for local-
ization because RNAs containing tandem copies of ei-
ther do not localize (our unpublished data). This sug-
gests that various factors such as sequence context,
spacing, or higher order structure may be required to
form functional signals for RNA localization. Further
work will be required to allow a full understanding of
the molecular mechanisms by which these cis elements
function to facilitate the generation of cell polarity and
pattern required for the development of diverse and
complex organisms.
Supplementary Material
Supplementary Material including the list of human 3 UTRs con-
taining the top-scoring CAC-rich clusters and descriptions of our
experimental and computational methods is available with this arti-
cle online at http://images.cellpress.com/supmat/supmatin.htm.
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